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Metal Forming 68 
Definition 


Metal forming is the targeted modification of 


* Shape 
* Surface 


* Material properties 


of a solid body while retaining the mass and material composition. 


21.7.2015 | Asst. Prof. Dr.-Ing. Okan Górtan | 2 


Metal Forming 
Definition 


Deformation Forming 
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a 
Plastomechanical Fundamentals | h 
Introduction 


Three major aspects of plasticity: 
1. Stress 


2. Strain 
3. Yielding 
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Plastomechanical Fundamentals | h 
Stress 


Stress is the intensity of a force, F, 
at a given point 


OF 
[3A 


where, A, is the area. 


If the stress is uniform (same) 
everywhere within a body 
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Plastomechanical Fundamentals (n 
Stress 


= Three types of static stresses to which materials can be 
subjected: 


1. Tensile - stretching the material 
2. Compressive - squeezing the material 


3. Shear - causing adjacent portions of the material to 
slide against each other 


= Stress-strain curve - basic relationship that describes 
mechanical properties for all three types 
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S D 
Plastomechanical Fundamentals | h 
Strain 


Engineering strain 
(Nominal strain) 


«20-1 
0 


True strain 
(Logaritmic strain) 


& — In R 


€ = In(1 +e) 
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Plastomechanical Fundamentals 
Tensile Test 


= Most common test for studying 
stress-strain relationship, 
especially metals 


= In the test, a force pulls the 
material, elongating it and 
reducing its diameter 


= (left) Tensile force applied and 


(right) resulting elongation of 
material 


(1) (2) 
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Plastomechanical Fundamentals 
Tensile Test 


Fixed crosshead 


Column Test specimen 


Gauge 


marks Moving crosshead 


Table 


Base and 
actuator 
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Plastomechanical Fundamentals h 
Tensile Test 


= (1) No load; (2) uniform elongation and area reduction; 
(3) maximum load; (4) necking; (5) fracture; (6) final length 


Neck 


(1) (2) (3) (4) (5) (6) 
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Plastomechanical Fundamentals 
Tensile Test — Engineering Stress 


"= Defined as force divided by original area: 


where s = engineering stress, F = applied 
force, and A, = original area of test specimen 
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Plastomechanical Fundamentals 
Tensile Test — Engineering Strain 


= Defined at any point in the test as 
_ L- Lo 
Lo 


e 


where e = engineering strain; L = length at any 
point during elongation; and L, = original gage 
length 
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Plastomechanical Fundamentals 
Tensile Test 
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Plastomechanical Fundamentals | h 
Tensile Test — Stress-Strain Diagram 


Maximum load 


r—— Fracture 


= Typical engineering 
stress-strain plot in a 
tensile test of a metal 


= [wo regions: 
1. Elastic region 
2. Plastic region 


TS 


Plastic region 


Stress, s (Ib/in.?) 


Elastic region 


Í 
—>||+— 0.2% Offset 


Strain, e 
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S D 
Plastomechanical Fundamentals | h 
Tensile Test — Elastic Deformation 

= Relationship between stress and strain 
is linear 


Hooke's Law: o, = Ee 
where E = modulus of elasticity 


Maximum load 


p Fracture 


= Material returns to its original length ” 
when stress is removed " 
= Fis a measure of the inherent 
Stiffness of a material 
= Its value differs for different 
materials 


Plastic region 


Stress, s (Ib/in.?) 


! f Elastic region 
f 


—»|«— 0.2% Offset 


Strain, e 
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S D 
Plastomechanical Fundamentals | h 
Tensile Test — Yield Strength 


= As stress increases, a point in the linear relationship 
is finally reached when the material begins to yield 


= Yield point Y can be identified by the change in 
slope at the upper end of the linear region 


= Y = a strength property 

= Other names for yield point: 
= Yield strength Y 
= Yield stress 
= Elastic limit 


Maximum load 


p Fracture 


TS 


Plastic region 


Stress, s (Ib/in.?) 


! f Elastic region 
$ 


—»|«— 0.2% Offset 


Strain, e 


21.7.2015 | Asst. Prof. Dr.-Ing. Okan Górtan | 16 


eS 
Plastomechanical Fundamentals | h 
Tensile Test — Ultimate Tensile Strength 
= Elongation is accompanied by a 
uniform reduction in cross-sectional 


area, consistent with maintaining 
constant volume 


= Finally, the applied load F reaches a 
maximum value, and engineering — „sl 
stress at this point is called the tensile 
strength TS (a.k.a. ultimate tensile . v 
strength) 


Maximum load 


p Fracture 


Plastic region 


Stress, s (Ib/in.?) 


! f Elastic region 
I 


—»|«— 0.2% Offset 


Strain, e 
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Plastomechanical Fundamentals 
Tensile Test — True Stress 


= Stress value obtained by dividing the 
instantaneous area into applied load 


F 
o=— 


A 


and A = actual (instantaneous) 


where o = true stress; F = force; T 
area resisting the load L 


[e] 


4 
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Plastomechanical Fundamentals | h 
Tensile Test — True Strain 


= Provides a more realistic assessment of 
"instantaneous" elongation per unit length 


L 
—— = |n— 
;L L 


(0) 


L 
ee 
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Tensile Test — Flow Curve 


Plastomechanical Fundamentals Ib 


pes Projected curve 
nil if necking had 
not occurred 
= [rue stress-strain 
curve for previous , 
engineering 
stress-strain plot 


Start of necking 


Yield point, start of plastic region 


True stress 


Elastic region: 
o = Ec 


True strain, € 
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Plastomechanical Fundamentals 
Tensile Test — Flow Curve 


= Because it is a straight line in a log-log plot, the 
relationship between true stress and true strain in the 
plastic region is 


n 
o = Ke 


where K = strength coefficient; and n = strain 
hardening exponent 
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Plastomechanical Fundamentals 
Compression Test 


= Applies a load that 
squeezes the ends of a 
cylindrical specimen 
between two platens 


= Compression force applied 
to test piece and resulting 
change in height and 
diameter 
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Plastomechanical Fundamentals | h 
Question 


A tensile test specimen has a starting length of 50 mm and a 
cross sectional area of 200 mm^. During the test, the 
specimen yields under a load of 32,000 N at a gage length of 
50.2 mm. The maximum load of 65,000 N is reached at a gage 
length of 57.7 mm. Final fracture happens at a gage length of 
63.5 mm. Determine 


Yield strength, 

Modulus of elasticity, 

Tensile strength 

Engineering strain at tensile strength 
Final strain and percent elongation 


Dpp 
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Plastomechanical Fundamentals | h 
Stress 


Stress is the intensity of a force, F, 
at a given point 


OF 
[3A 


where, A, is the area. 


If the stress is uniform (same) 
everywhere within a body 
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Plastomechanical Fundamentals | h 
Stress 


There are nine (9) components of stress in three dimensional (3D) space. 


Normal stresses: 


O xx, Oyy, Ozz (Ox, Oy, 0;) 


Shear stresses: 


O xy, Oxz! Oy; Oyz: O zio Ozy 
Ty, Uxz; U yx) Tyz, Uzx, Tzy 


= T yx) 


= [777 
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Plastomechanical Fundamentals 
Stress 


Stress is transformable. 


= 5in@ - cose = dy: sin 0 » cos 8 


= Ty! 
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Plastomechanical Fundamentals h 
Stress 


* Consider the stress state with 9 stress components (3 tensile or compression stresses 
and 6 shear stresses). 
* Calculation with 9 stress components is not EASY. 


x 
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Plastomechanical Fundamentals (n 
Stress 


!!! IT IS ALWAYS POSSIBLE TO FIND A SET OF AXES ALONG WHICH THE SHEAR STRESS 
TERMS VANISH !!! 
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Metal Forming (Fundamentals) H 
Yielding — Stress 


In order to define the plastic behavior of a metal three elements are needed: 
A yield criterion to express the stress state where the material starts to form plastically. 


A flow rule to express the relations between the yielding point of the material and 
stress rate, temperature and stress direction. 


A hardening rule to express the evolution of the yield stress during forming. 
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Metal Forming (Fundamentals) | h 
Yielding — Tresca Yield Criterion 


According to Tresca Criterion, the material yields when the largest shear stress reaches a 
critical value. 


01 > 02 > 03 
Omax — Imin = C 


O — 03 =C 


What is the constant «C» here? 
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Metal Forming (Fundamentals) (n 


Yielding — Tresca Yield Criterion 


03 


01 


—01 01 


03 
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: E 
Metal Forming (Fundamentals) | h 
Yielding — Von-Mises Yield Criterion 


According to Von-Mises Criterion, the material yields when some value of the root-mean 
shear stress reaches a critical values. 


Von-Mises Criterion 


[(a, — 02)? + (02 — 03)? + (03 — o3)?] 


T 
II 
NO] eR 
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Metal Forming (Fundamentals) 
Yielding — Von-Mises Yield Criterion 


of +04 — 0103 = Y? 
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A 


6; = 1155F 
01 = 203 


Pure shear 
01 = —03 = 0.577 Y 


LJ LJ LJ " 
Macroscopic Plasticity | h 
Yield locus - Comparison 
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Metal Forming 
Classification 


Semi-finished product 


Bulk metal forming 


Sheet metal forming 


Classification of forming processes 


Stress condition 


Compressive 


Tensile-compressive 


Tensile 


Bend 


Shear 


21.7.2015 | Asst. Prof. Dr.-Ing. Okan Görtan | 35 


Temperature 


Cold forming 


Ini EX 


Hot forming 


Metal Forming 
Classification 


Compressive 


Rolling Stripping 
Open-die Deep 
forming drawing 


Closed-die Flanging 
forming Spinning 
Coining Wrinkle 

Forming by bulging 

forcing 

through an 

orifice 
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Extending 
by 
stretching 
Expanding 
Stretch 
forming 


Bending 
with linear 
die 
movement 
Bending 
with rotary 
die 
movement 


Displacement 
Twisting 


Metal Forming 
Classification 


Cold forming 
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T D 
Metal Forming | h 
Material Behavior 


= Plastic region of stress-strain curve is primary interest 
because material is plastically deformed 
= In plastic region, metal's behavior is expressed by the 
flow curve: 
o=Ke" 
where K = strength coefficient; and n = strain 
hardening exponent 
= Flow curve based on true stress and true strain 
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Metal Forming 
Material Behavior 


16MnCr5 


F Hot forming: 

2 For most of the metallic materials, the 
2 yield strength and the flow curve is 
dependant on temperature (T)and strain 
E rate (£) besides plastic deformation (€) 


(true strain): 


o = f(£,&, T) 


0,4 0,6 
True strain [-] 
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Metal Forming 
Material Behavior 


es 


= Strain rate is the change in strain relative to time. 


C 15 steel 
Temperature 1100°C 


0 02 04 06 08 10 12 14 16 18 20 


True strain [-] 
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Metal Forming H 
Material Behavior 
= |n most practical operations, valuation of strain rate is 
complicated by 
= Workpart geometry 


= Variations in strain rate in different regions of the part 


= Strain rate can reach 1000 s! or more for some metal 
forming operations 


Y, = Ce" 
where C = strength constant (analogous but 
not equal to strength coefficient in flow curve 
equation), and m = strain-rate sensitivity 
exponent 
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Metal Forming H 
Cold Forming 


= Performed at room temperature or slightly above 


= Many cold forming processes are important mass 
production operations 


= Minimum or no machining usually required 


= These operations are near net shape or net shape 
processes 
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Metal Forming h 
Cold Forming — Advantages 
= Better accuracy, closer tolerances 
= Better surface finish 


= Strain hardening increases strength and hardness 


= Grain flow during deformation can cause desirable 
directional properties in product 


= No heating of work required 


245 
240 —e— Machining 


e c —e Cold Forming 
230 


225 
220 
215 


210 
1,0E+05 1,0E+06 1,0E+07 
Cycle number 


Applied Stress [MPa] 
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Metal Forming 
Cold Forming — Disadvantages 


= Higher forces and power required for deformation 
= Starting work surfaces must be free of scale and dirt 
= Ductility and strain hardening limit the amount of 
forming that can be done 
= In some cases, metal must be annealed before 
further deformation can be accomplished 


= In other cases, metal is simply not ductile enough 
to be cold worked 
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S D 
Metal Forming | h 
Warm Forming 


= Performed at temperatures above room temperature 
but below recrystallization temperature 
= Dividing line between cold working and warm working 
often expressed in terms of melting point: 
= 0.37,, where T,, = melting point (absolute 
temperature) for metal 


21.7.2015 | Asst. Prof. Dr.-Ing. Okan Górtan | 45 


TT NI 
Metal Forming | h 
Warm Forming — Advantages and Disadvantages 


= Advantages 

= Lower forces and power than in cold working 

= More intricate work geometries possible 

= Need for annealing may be reduced or eliminated 
= Disadvantage 

= Workpiece must be heated 
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Metal Forming 
Hot Forming 


= Deformation at temperatures above the 
recrystallization temperature 
= Recrystallization temperature = about one-half of 
melting point on absolute scale 

= In practice, hot working usually performed 
somewhat above 0.57,, 

= Metal continues to soften as temperature 
increases above 0.57,,, enhancing advantage 
of hot working above this level 
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S D 
Metal Forming | h 
Why Hot Forming? 


= Capability for substantial plastic deformation - far more 
than possible by cold working or warm working 


= Why? 
= Strength coefficient (K) is substantially less than at 
room temperature 
= Strain hardening exponent (n) is zero (theoretically) 
= Ductility is significantly increased 
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VVS 
Metal Forming | h 
Hot Forming - Advantages 


= Workpart shape can be significantly altered 
= Lower forces and power required 


= Metals that usually fracture in cold working can be 
hot formed 


= Strength properties of product are generally isotropic 
= No strengthening of part occurs from work hardening 


= Advantageous in cases when part is to be 
subsequently processed by cold forming 
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Metal Forming 
Hot Forming - Disadvantages 


= Lower dimensional accuracy 
= Higher total energy required, which is the sum of 
= The thermal energy needed to heat the workpiece 
= Energy to deform the metal 
= Work surface oxidation (scale) 
= Thus, poorer surface finish 
= Shorter tool life 
= Dies and rolls in bulk deformation 
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Metal Forming h 
Classification 


Semi-finished product 


Bulk metal forming 


Sheet metal forming 


Crankshaft 


Car hood 
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Metal Forming | h 
Classification 


Rolling 
processes 
. Bulk Forging 
Bulk deformation 


= Rolling processes 

= Forging processes processes 

= Extrusion processes 
] rawing 

= Wire and bar drawing | 

Sheet metalworking operations 


= Bending operations Sheet Deep or cup 
metalworking drawing 
= Deep or cup drawing 


= Shearing processes processes 
processes 
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Metal Forming 
Bulk Deformation 


= Characterized by significant deformations and 
massive shape changes 


= "Bulk" refers to workparts with relatively low surface 
area-to-volume ratios 


= Starting work shapes are usually simple geometries 
= Examples: 
= Cylindrical billets 
= Rectangular bars 
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Metal Forming 
Bulk Deformation 


= (a) Rolling and (b) forging 


F 


= 
(a) 
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Die 


Work 


Die 


Metal Forming 
Bulk Deformation 


es 


= (c) Extrusion and (d) wire and bar drawing 


Ram 
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Metal Forming 
Sheet Metal Forming 


= Forming and related operations performed on metal 
sheets, strips, and coils 


= High surface area-to-volume ratio of starting metal, 
which distinguishes these from bulk deformation 


= Often called pressworking because these operations 
are performed on presses 


= Parts are called stampings 
= Usual tooling: punch and die 
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Metal Forming 
Sheet Metal Forming 


es 


= (a) Bending and (b) deep drawing 


Blank holder 


| V 
|" V 
— Punch 


Work — NN 
Die 
Die 


(a) (b) 
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Metal Forming 
Sheet Metal Forming 


ED 


= (c) Shearing: (1) punch first contacting sheet and (2) after 
cutting 


Punch 


Shearing action “hy 


(c) 
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